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Abstract 
This article presents the results of an investigation on the estimation of cyclic stress-strain curves and parameters K' and n' using 
two different approaches: the direct estimation from monotonic properties and the indirect approach where relations between 
monotonic properties and points on cyclic stress-strain curve (in this case, Re') are identified first and then new values of K' and n' 
are obtained from them. 
For both approaches, series of regression analyses were performed using 206 datasets for unalloyed, low- and high-alloy steels. 
Statistical evaluation of results showed that the second approach is much more suitable for estimation of Re'. 
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1. Introduction 
Among many challenges imposed on the product development nowadays, shortening of the development time and 
lowering the expenses are the most important ones. In order to reduce the time and money spent various calculations 
and simulations of product models are being performed during the early stages of the product development – when  
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Nomenclature 
E Young’s modulus 
K' cyclic strength coefficient 
n' cyclic strain hardening exponent 
R2 coefficient of determination 
Rm ultimate strength 
Re yield stress 
Re' cyclic yield stress 
Rm/Re ultimate strength to yield stress ratio 
ǻİ/2 true total strain amplitude 
ǻİe/2 true elastic strain amplitude 
ǻİp/2 true plastic strain amplitude 
ǻı/2 true stress amplitude 
 
the possibilities of influencing the costs are biggest. In these stages, the changes are relatively easy to make and if 
proper decisions are made, expensive and time-consuming changes at latter development stages can be prevented.  
The proper choice of material is one of the most important design decisions that must be made in early design 
phases. Performing calculations and simulations of cyclic and fatigue behaviour of components and structures 
subjected to variable amplitude loading is possible only if materials’ cyclic stress-strain curves and cyclic parameters 
which define them are known. The most accurate way to determine these properties is the experimental determination, 
but cyclic experiments are expensive, complex, time-consuming and often not available in the early design phases. 
On the contrary, monotonic experiments are inexpensive, simple and fast, and their results are readily available. 
This is precisely the reason why continuous efforts are being made in the last 50-60 years to develop and improve the 
methods for determination and estimation of cyclic [1]-[7] and strain-life fatigue [8]-[14] parameters based on 
monotonic properties of material. There are number of papers where reviews of these methods are provided [15-19], 
and most of them point out their disadvantages: most methods consider only 4 out of 6 cyclic and fatigue parameters 
to be independent [12] so that they provide estimation methods of only fatigue parameters. Some methods were 
developed on a limited number of datasets and mostly for all metallic materials together (steels, aluminium and 
titanium alloys), which is shown to be inadequate for some material groups. Basan et al. [19] showed that there is 
statistically significant difference among the strain-life fatigue parameters and behaviour of different groups of 
metallic materials. This paper presents the results of an investigation on the estimation of cyclic stress-strain curves 
and parameters (cyclic strength coefficient K', cyclic strain hardening exponent n') using different approaches.  
2. Cyclic stress-strain curves 
Different materials exhibit different stress-strain responses when cyclically loaded. During loading, materials can 
show strain hardening, strain softening, stable behaviour but also transient behaviour i.e. they behave differently in 
various loading phases. For the majority of cyclically loaded metallic materials, a well-accepted and widely used 
method for describing their stress-strain response is the stabilized or mid-life true stress-true strain curve which is 
determined from the strain-controlled cyclic experiments performed on a number of standard material specimens [20], 
[21]. Fig. 1. shows the set of representative hysteresis curves with resulting cyclic stress-strain and monotonic curves. 
Cyclic stress-strain curves of most metallic materials can be successfully defined with the Ramberg-Osgood equation 
[22]: 
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Fig. 1. Hysteresis and monotonic and cyclic stress-strain curves 
3. Material data 
Data for three representative groups of materials were gathered from the relevant literature ([9], [23]) through the 
MATDAT.COM system – an online material properties database [24]. Materials were divided into following groups: 
first group contained only unalloyed (UA) steels, the second contained low-alloy (LA) steels and the third contained 
high-alloy (HA) steels – all together 687 datasets. Only results of strain-controlled, fully reversed axial cyclic tests 
(R = –1) were considered. In order to keep the material data consistent and relevant, material data obtained through 
tests performed in the air at the room temperature were considered (datasets obtained from tests in cryogenic or high-
temperature conditions, or medium other than air were excluded from the analysis). The data for materials tested at 
less than four different strain amplitudes and/or at range of total strain amplitudes of less than 0,4% were also excluded 
from the analysis. 
Finally, only datasets which had all the necessary parameters available were taken into account. After filtering, 206 
datasets were available for use in the analysis: 57, 107 and 42 for UA, LA and HA respectively. 
4. Analysis, results and discussion 
4.1. Methodology 
For the investigation on the estimation of cyclic stress-strain curves and parameters (cyclic strength coefficient K', 
cyclic strain hardening exponent n') two different approaches were used in this paper. According to the first approach 
(commonly proposed and used in literature [3-7]), cyclic parameters K' and n' are estimated directly from monotonic 
properties (in this case, ultimate strength Rm, yield stress Re and Rm/Re ratio). According to the second approach 
proposed in [13-14], relations between monotonic properties and points on cyclic stress-strain curve are identified 
first and then new values of cyclic parameters K' and n' are obtained from them. For the purpose of initial evaluation, 
only one point on the cyclic stress-strain curve (cyclic yield stress Re') was estimated. 
Series of simple and multiple linear and polynomial regressions without weight factors and with significance level 
Į = 0,05 have been performed for each of the following cyclic parameters as dependent variables: cyclic strength 
coefficient K', cyclic strain hardening exponent n' and cyclic yield stress Re'. Ultimate strength Rm, yield stress Re and 
the ultimate strength to yield stress ratio Rm/Re are beside material hardness the most readily available monotonic 
properties of the material so they are chosen as independent variables in the regression analyses. In simple regression 
analyses, the monotonic parameters were considered individually as the independent variables while in multiple 
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regressions, combinations of two or three of the above mentioned properties were taken as the independent variables 
and were "paired" with the corresponding cyclic parameters K', n' and Re'. 
Analyses were made on UA, LA and HA steels separately since previous analyses [25] showed that estimation of 
cyclic parameters improves when particularities of these groups are taken into account. 
4.2. Estimation of cyclic strength coefficient K' 
Of all simple regression analyses for K' performed on the UA steel group, polynomial regression with the ultimate 
strength Rm as independent variable resulted with the highest value of coefficient of determination, R2 = 0,782. 
Multiple regression analysis (also polynomial) with combination of two independent variables, ultimate strength Rm 
and yield stress Re, resulted in somewhat better coefficient of determination, R2 = 0,841. 
The highest value of coefficient of determination from regression analyses for K' made on LA steels was obtained 
from multiple regression (polynomial) where Rm and Re were taken as independent variables. Coefficient of 
determination obtained is R2 = 0,739 which is somewhat higher than the best R2 from simple regression analyses 
(polynomial regression with Rm as independent variable, R2 = 0,691).  
Unlike previous groups, regression analyses for K' performed on HA steels showed significantly different results. 
While the R2 from these analyses is significantly lower than for other two groups (around 0,5) it would be erroneous 
to claim that there is no correlation between K' and any of the independent variables or their combination, especially 
because the additional F-test for significance of regression showed that the regression is statistically significant (with 
the significance level Į = 0,05). 
4.3. Estimation of cyclic strain hardening exponent n' 
The regression analyses conducted in this paper confirmed findings from [5] and [25] that there is almost no 
correlation between cyclic strain hardening exponent n' and monotonic properties of LA steels. Similar situation was 
found for UA steels. Highest coefficient of determination obtained from regression analyses for n' was around 0,4 for 
UA steels and 0,35 for LA steels. Thus, for later evaluation of the obtained results performed in section 4.5, average 
of all strain hardening exponent n' values was used (n' = 0,1906 and n' = 0,1353 for UA and LA steels respectively). 
On the other hand, R2 obtained from regression analyses for n' conducted on HA steels were found to be quite high. 
The best coefficient of determination from simple regression analyses was R2 = 0,771 (polynomial regression with 
yield stress Re as independent variable), while multiple regressions resulted in even better coefficient of determination, 
R2 = 0,884 (polynomial regression with ultimate strength Rm and yield stress Re as independent variables). 
4.4. Estimation of cyclic yield strength Re' 
One of the main goals of this paper is to establish whether the indirect estimation of cyclic parameters K' and n' 
from estimated cyclic stress-strain curves could be more accurate than direct approach which involves direct 
estimation of these parameters from monotonic properties of the material. Only one point on the cyclic stress-strain 
curve, cyclic yield stress Re', is estimated at this time. 
Among all regression analyses performed for Re' on a group of UA steels, the best coefficient of determination is 
obtained from simple linear regression analysis with ultimate strength Rm being the independent variable, R2 = 0,917. 
Slightly better R2 was obtained from multiple linear regressions with Rm and Re being independent variables, 
R2 = 0,927. The same analyses gave the best results also for a group of LA steels, with coefficient of determination 
being R2 = 0,915 for simple regression and R2 = 0,919 for multiple regression analysis. 
For a group of HA steels the results, once again, differed from those for UA and LA steels. Satisfying R2 = 0,739 
is obtained from linear regression analysis with ultimate strength Rm as the independent variable, while better 
R2 = 0,844 is obtained from multiple regression analysis (polynomial) where ultimate strength Rm and yield stress Re 
were taken as independent variables. 
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4.5. Evaluation of the obtained results 
To evaluate predictive accuracy of the both approaches presented in this paper, the conventional error criterion [5], 
[16] was used. Percentages of the estimation-based cyclic yield stress Re' values that deviate less than 10%, between 
10 and 20%, between 20 and 30% and more than 30% from their experiment-based counter-parts were determined. 
For the direct approach, estimated values of cyclic yield stress Re' were calculated (ǻİp/2 = 0,2%) using both the 
experiment-based and estimated values of K' and n' and "plastic" part of expression (1): 
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For the evaluation of the second approach, estimated values of cyclic yield stress Re' were calculated from the 
expression obtained from regression analysis. 
Only one regression analysis is used for each approach and each steel group. A criterion for selection of the 
regression expression was the highest coefficient of determination, but if values of R2 from the two or more analysis 
were close, simpler expression was used. Overview of the used regression expressions is given in the Table 1. 
Table 1. Overview of the regression analyses used for the evaluation of the estimated Re' 
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Direct approach Indirect approach 
Dependent 
variable 
Independent 
variable/s R
2 Type of regression analysis (RA) 
Dependent 
variable 
Independent 
variable/s R
2 Type of regression analysis (RA) 
U
A
 
K' Rm 0,782 
Simple RA, 2nd 
order polynomial 
Re' Rm 0,917 Simple linear RA 
n' - - 
No correlation 
found, average value 
used n' = 0,1906 
LA
K' Rm 0,691 
Simple RA, 2nd 
order polynomial 
Re' Rm 0,915 Simple linear RA 
n' - - 
No correlation 
found, average value 
used n' = 0,1353 
H
A
 
K' Rm/Re 0,476 
Simple RA, 2nd 
order polynomial Re' Re, Rm/Re 0,798 
Multiple linear 
RA n' Re 0,771 
Simple RA, 2nd 
order polynomial 
 
Fig. 2. presents the percentages of the estimation-based cyclic yield stress Re' values that deviate less than 10%, 
between 10 and 20%, between 20 and 30% and more than 30% from their experiment-based counter-parts for UA 
steels. Fig. 2. shows that the percentage of the estimated data that deviate less than 10% from their experiment-based 
counter-parts is as high as 72% for the indirect approach (on the right) which is much higher than the 30% percent 
obtained by the direct approach (on the left). The results were expected since there is a little chance that using the 
average value of n' in calculation of Re' with the direct approach could give satisfactory results. 
 
Fig. 3. presents the percentages of the estimation-based cyclic yield stress Re' values that deviate less than 10%, 10 
to 20%, 20 to 30% and more than 30% from their experiment-based counter-parts for LA steels. The percentage of the 
data that deviate less than 10% from their experiment-based counter-parts is again much higher for the indirect 
approach (69%, on the right) than for the direct approach (48%, on the left). Also, the percentage of data deviating 
more than 20% is less for the indirect (8%) than for the direct approach (20%). The results were once again expected 
as there is the same problem with the estimation of n' with the direct approach as for UA steels (average value was 
used). 
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Fig. 2. Percentages of the estimation-based cyclic yield stress Re' values that deviate less than 10%, between 10 and 20%, between 20 and 30% 
and more than 30% from their experiment-based counter-parts for UA steels 
 
Fig. 3. Percentages of the estimation-based cyclic yield stress Re' values that deviate less than 10%, between 10 and 20%, between 20 and 30% 
and more than 30% from their experiment-based counter-parts for LA steels 
Fig. 4. presents the percentages of the estimation-based cyclic yield stress Re' values that deviate less than 10%, 10 
to 20%, 20 to 30% and more than 30% from their experiment-based counter-parts for HA steels. The results for both 
approaches are quite similar. The reason why the indirect approach resulted with solid results lies probably in finding 
the correlation between cyclic strain hardening exponent n' and chosen monotonic properties, which was not the case 
for UA and LA steels. 
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Fig. 4. Percentages of the estimation-based cyclic yield stress Re' values that deviate less than 10%, between 10 and 20%, between 20 and 30% 
and more than 30% from their experiment-based counter-parts for HA steels 
5. Conclusion 
The main goal of this paper was to determine whether the estimation of the cyclic stress-strain curves and cyclic 
parameters could be improved by a new, indirect estimation method [13-14]. Unlike direct approach, where cyclic 
parameters are estimated separately from each other (i.e. directly from monotonic properties), the indirect method is 
used to first identify the relations between monotonic properties and points on cyclic stress-strain curve from which 
the new values of cyclic parameters K' and n' should be obtained. Evaluation of the estimates of cyclic yield stress Re' 
using both direct and indirect approach was given in section 4.5. The assumption that for UA and LA steels the indirect 
approach gives much better estimations of Re' was confirmed. 
As for HA steels, both approaches brought similar results. The direct approach is better than it was expected, 
probably due to finding of correlation between n' and chosen monotonic properties and not using the average value of 
n' as for UA and LA. Still, neither approach gave satisfactory results. This is suspected to be because of the high 
diversity of HA steels within the group so further subdivisions of this group must be done in order to improve 
estimations of cyclic stress-strain curves. Some efforts in that direction have already been done, but since this is 
beyond the scope of this paper, it will be left to future investigations. 
In general, it can be concluded that indirect estimation of cyclic parameters and cyclic stress-strain curves could 
improve the accuracy of these estimations. Further work, including the estimation of more points on the cyclic stress-
strain curve and developing the procedure for obtaining the cyclic parameters from this estimation is planned in the 
near future. 
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